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D s ription 

[0001] This invention was made with Government 
support under Grant Number. ECS-9210434 awarded 
by the National Science Foundation and Grant Nunnber: s 
F30602-94-1 -0003 awarded by the Advanc dR s arch 
Project Agency of the Department of Defense, The Gov- 
. ernment may have certain rights in the invention. 
[0002] The present invention relates to microcavity 
semiconductor lasers and, more particularly, to micro- io 
disk, microcyllnder, microannulus and like semiconduc- 
tor lasers. 

[0003] Microcavity semiconductor lasers recently 
have been described for operation at liquid nitrogen 
temperature and room temperature. Such microcavity 
semiconductor lasers employ an active lasing medium 
that supports optical modes in the form of a whispering 
gallery mode where photons skimming around the cir- 
cumference of a microdisk or microcytinder having an 
appropriately small diameter are continually totally re- 20 
fleeted. The thin microdisk or microcyllnder is positioned . 
in a surrounding medium (e.g. air) having a high contrast 
of refractive index relative to that of the active lasing me- 
dium such that the optical mode is strongly confined in- 
side the microdisk or microcyllnder in the vertical direc- 25 
tion and coupled to the active lasing medium comprising 
one ormore quantum wells. For example, a whispering- 
, gallery-mode microdisk semiconductor laser Is de- 
scribed by McCall et al. in "Whispering-galiery mode 
microdisk lasers" in Appl. Phys.Lett. 60, (3), 20 January 30 
1992, A whispering-gallery-mode microcyllnder semi- 
conductor laser is described by Levi et al. in **Room-tern- 
perature lasing action In Ijio^^Gao 49P/lno^Gao^As nii- 
crocylinder laser diodes" In Appl. Phys. Lett. 62, (17), 
26 April 1993. 35 
[0004] l\^icrocavity semiconductor lasers are advan- 
tageous as compared to conventional semiconductor la- 
sers in being much smaller In size and requiring sub- 
stantially less minimum operating current (power) in the 
range of microwatts;. However, there is no directional 40 
coupling of light outf rom such microcavity lasers. In fact, 
the photons are strongly confined inside the microdisk 
or microcyllnder. This is disadvantageous in that a di- 
rectional coupling of light out of the laser is necessary 
for useful applications. 

[0005] Recently, in "Directional light coupling from 
mtorodisk lasers". Appl. Phys. Lett. 62, 561 (1993) an 
asymmetric point was Introduced into a single circular 
microdisk to provide a location of increased quantity of 
lasing light to leak out from the point of asymmetry, so 
Moreover, there has been a suggestion to provide grat- 
ing fabricated directly on the microdisk to couple light 
therefrom. However, as a result of the small size of the 
mrcrodisk, fabrication of grating or other light output cou- 
pling stnjctur thereon is difficult to achieve without at ss 
the sam time adversely affecting the Q valu (quality 
factor) of the microcavity and th low lasing threshold. 
[0006] in the paper "Double-disk structure for output 



coupling in mrcrodlsk lasers" by Chu et al, Appl. Phys. 
L tt. 65 (25), December 1994, p. 3167-3169. a double- 
disk structure is disclosed to couple light from a micro- 
disk (aser by the leakage of photons from a lower lasing 
disk to a top waveguiding disk. The waveguiding disk 
has an opening to dir ct light out from the double-disk 
structure. ^ 
[0007] According to the present invention, a laser 
comprises a first micromember having a lasing micro- 
cavity with a substantially circular cross-sectionai pe- 
riphery and a second waveguiding micromenriber 
spaced from the first micromember in a different plane 
and optically coupled to the first micromember, the sec- 
ond waveguiding micromember including a light output 
coupling comprising an arcuate output waveguide en- 
circling a portion of the second waveguide member for 
providing light output from the laser. 
[0008] The present invention is able to provide micro- 
cavity semiconductor lasers having features amenable 
for coupling light out from the laser without substantially 
adversely affecting the Q value and the low lasing 
threshold of the microcavity. 

[0009] Further, the present invention is able to provide 
microcavity semiconductor lasers having features ame- 
nable for coupling light out from the laser to Integrated 
optical circuits. 

[0010] The micromembers may be a microdisk, mi- 
crocyllnder or microannulus, the first micromember hav- 
ing a lasing microcavity (one or more quantum wells) 
with a circular cross-sectional periphery. 
[0011] The first and second micromembers are pref- 
erably at a different epitaxial level during fabrication of 
the laser by layer growth processes. The first lasing mi- 
cromember and the second waveguiding micromember 
are optically coupled by. for example, resonant photon 
coupling by being spaced apart a selected distance from 
one another with a material having a lower refractive in- 
dex disposed between the miaomembers. The first las- 
ing micromember and second waveguiding micromem- 
ber are spaced apart by a distance selected to provide 
a given coupling efficiency therebetween. The high Q 
value and low lasing threshold of the lasing microcavity 
is maintained by providing a light output coupling on the 
second waveguiding micromenriber, rather than on the 
first lasing micromember. 

[0012] in aparticular embodiment of theinventiori, the 
first micromember comprises one or more InGaAs sem- 
iconductor mterodisks, microcylinders, or microannulus 
as quantum wells separated by appropriate barrier lay- 
ers and the second waveguiding mbromember com- 
prises a InGaAsP semiconductor microdisk, microcylln- 
der, or microannulus. The optical coupling can comprise 
a low refractive index InP pedestal, microcyllnder or 
microannulus. 

[001 3] The lasers of the present invention provide the 
advantages associated with microcavity semiconductor 
lasers while providing light output coupling from the la- 
ser that Is usable in a servic application and that is com- 
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patible with integral d optical circuits. 
[0014] Th above objects and advantages of th 
present invention will become more readily apparent 
from the following detailed description taken with the fol- 
lowing drawings. s 

Figure 1 is a schematic view of a microcavity (micro- 
disk) laser similar to that described in the paper 
"DoubloKlisk structure for output coupling in mtero- 
disk lasers" by Chu et al; 

Figure 2 is a graph of coupling percentage versus 
coupling length for a double-disk laser with a spac- 
ing between microdisks of 0.65 microns; 

Figure 3 is a graph of the lasing spectra versus 
wavelength for a double-microdisk laser; 

Figure 4 is a photograph of edge-emitting lasing 
light butputfrom the opening in the upperwaveguid- 
ing microdisk of the laser of Fig. 1 at a wavelength 
of 1 .5 microns; 

Figure 5 Is a schematic view of an alternative mi- 
crocavity (microcylinder) laser; 

Figure 6 is a schematic view similar to Figure 5 of 
a microcavity (microcylinder) laser including a light 
output coupling waveguide integral with the lower 
waveguiding microcylinder; 

Figure 7 is a schematic view of a double microcyl- 
inder laser showing Its layered structure; 

Figure 8 Is a schematic view of a microcavity laser 
according to one embodiment of the Invention in- 
cluding an arcuate waveguide spaced about and 
encircling a portion of the circumferential periphery 
of the lower mlcromember; and, 

Figure 9 Is a schematic view of a microcavity laser 
including an arcuate waveguide spaced about and 
encircling a portion of the circumferential periphery 
of a lower micn^annulus pursuant to another em- 
bodiment of the invention. 

[0015] Referring to Figure 1 , a microcavity semteon- 
ductor laser is illustrated schematically as including a 
first lower microdisk (micromember) 10 referred to as 
lasing disk In Figure 1 and a second upper, transparent 
waveguiding microdisk (micromember) 1 2 refen'ed to as 
guiding disk in Figure 1 disposed in a different plane (dif- 
ferent epitaxial level during epitaxial layer growth) from 
the lower microdisk 10 so as to have low light absorp> 
tion. The first lower lasing microdisk 1 0 and second up- 
per waveguiding microdisk 12 are shown having the 
sam diamet rs.Th first lower lasing microdisk 10 can 
b excited by suitabi means such as optically ( .g. by 



a pumping laser providing pulsed light of appropriat du- 
ty cycle) or electrically ( .g. by electrical current pulses 
of appropriate duty cycle via lead wires attached to a top 
and bottom of the micromember) as is known. 
p)016] The lower lasing microdisk 1 0 and th upper 
waveguiding microdisk 12 are optically coupled by res- 
onant photon tunnelling by being spaced apart a select- 
ed distance from one another with a material having a 
lower refractive index disposed between the micromem- 
bers. In Figure 1 ,the microdisks 1 0,12 are spaced apart 
by a pedestal 14 comprising InP, although the invention 
is not so limited as the microdisks also could be sus- 
pended or otherwise spaced to provide a low refractive 
index material, such as air, Si02. acrylb or semiconduc- 
tor (e.g. InP), therebetween to provide resonant photon 
tunnelling therebetween. The lower lasing microdisk 1 0 
is connected to a lower substrate by an integral upstand- 
ing pedestal 16. The upper waveguiding disc 12 . in- 
cludes a circumferential V-shape or wedge-shaped 
opening or notch 1 8 as a light output coupling from the 
laser. 

[0017] The double microdisk laser shown in Figure 1 
was formed by molecular beam epitaxial growth of lay- 
ers of the InGaAs/lnGaAsP and then shaping the layers 
to the double disk configuration shown by multistep pho- 
tolithographic techniques and selective reactive ion 
etching techniques. In particular, an initial 

lno;84Gao.i6^So.33Po.67 st^P Isy®'' was grown on 
the top of the semiinsulating (100) InP substrate shown 
in Figure 1 . Then, a 1 .0 micron thick InP pedestal layer 
was grown on the etch stop layer. A 0.2 micron thick 
microcavity quantum well (MQW) layer was grown on 
the pedestal layer, the MQW layer was growri to com- 
prise three (3) InQ ssGbq 47AS quantum layers or wells 
each of approximate 1 00 Angstroms thickness sand- 
wiched by lno34Gao^eAs0 33P0 57 barrier layers of ap- 
proximate 1 00 Angstroms thickness with end caps hav- 
ing the barrier composition of approximate 700 Ang- 
stroms thickness. A second InP pedestal layer having a 
0.65 micron thickness was grown on the MQW layer fol- 
lowed by a final passive layer of lno.84^ao jeAso.33Po.67 
to a thickness of approximately 0.2 micron as the top 
guiding microdisk layer. Other suitable material systems 
(e.g. InGaAs/lnAIGaAs) can be used to fabricate the la- 
ser. 

[0018] Multi-step photolithographic techniques were 
used to fabricate the the double-disk lasers having outer 
diameters of 3 microns in one trial and 10 microns in 
another trial. The opening 18 was patterned first using 
an AZ^1350J photoresist and etched down around 0.4 
micron using reactive ion etching without etching the 
MQW layer. After removing the photoresist, the circular 
cross-section microdisks 10, 12 were patterned and 
carefully aligned with the opening. Then, reactive ion 
etching was used again to etch the circular patterns 
down vertically (approximately 1 .2 microns) Into the bot- 
tom pedestal layer to fonri the microdisks 10, 12 having 
a right cylindrical shap (i.e. a circumferential sldewall 
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substantially p rpendicular to th axial microdisk ends) 
and smooth circumf r ntialsidewalKlnbothreactiv ion 
etching steps, a gas mixtur comprising a methane, hy- 
drogen, and argon in a ratio of 5:17:8 was used under 
a gas pressure of 45 milliton^ and a plasma beam power 
of 90 Watts. A highly selective HCI etchant (such as 10 
volume % HCI aqueous solution) was then used to clear 
the remaining pedestal layers horizontally to forni the 
two supporting InP pedestals or pillars 14,16 shown in 
Figure 1 . The etched InP pedestals or pillars exhibited 
a rhombus shape upon examination under scanning 
electron microscope as a result of anisotropic etching of 
the InP material. 

[0019] The upper microdisk- 1 2 of the double-disk la? 
ser comprises a basically passive, absorptionless ma- 
terial at a different epitaxial level (during layer growth) 
for light guiding purposes. The photons generated in the 
lower MQW mrcrodisk 1 0 leak slowly out into the upper 
waveguiding microdisk 1 2 via resonant waveguide cou- 
pling (resonant photon tunneling) through the InP ped- 
estal or pillar 14. The coupling efficiency between the 
MQW mbrodisk 10 and the waveguiding microdisk 12 
can be controlled by appropriately selecting the distance 
of separation between the microdisks 10, 12; e.g. about 
0.65 micron in the fabrication of the 3 micron and 10 
micron diameter microdisks described hereabove. As 
the separation distance between the microdisks 10. 12 
increases, the coupling efficiency decreases. Rgure 2 
shows an estimate of the coupling percentage per 
roundtrip length versus the coupling length (which is ap- 
proximately the circumference of the microdisk struc- 
ture) for a 0.65 micron separation between the mbro- 
dlsks 10,12. The coupling length is the roundtrip length 
of the photons propagating around the circumference of 
the microdisk, given approximately by nD, where D is 
the mksrodisk diameter As can be seen, about 0.1% to 
1% coupling efficiency was estimated for a mk:rodisk di- 
ameter ranging from 5 to 20 hnicrons. This double-mtero- 
disk structure enables the MQW microdisk resonator to 
maintain a near perfect microdiskshape with associated 
high Q value and low lasing threshold, while a light out- 
put coupling feature or structure can be provided on the 
upper waveguiding microdisk 12 to couple light out of 
the laser. By providing the light output coupling 18 on 
the upper waveguiding mterodlsk 12, the high Q value 
and low lasing threshold of the lower MQW mterodlsk Is 
not adversely affected. 

[0020] In Figure 1 , the light output coupling comprises 
V-shaped opening 18 inten^uptlng the circumference of 
the upper waveguiding microdisk 12 so as to direct the 
light out from the double^microdisk laser. The opening 
18 fomns flat surfaces or windows 18a, 18b through 
which light can be coupled out from the laser. 
[0021 ] The lasing characteristics of the double-mbro- 
disk laser (microdisk diameter of 10 mterons) of th 
pr sent invention were analyzed by optical xcitation 
using a NdiYAG pump las r at 1064 nanometer. The 
pump laser was modulated by an acousto-optic modu- 



latorwlthavaryingdutycycleandfocus dtoaispotslze 
covering th ntir axial nd qua! to or larger than the 
area of microdisk 1 0. The double-microdisk laser was 
cooled down to liquid nitrogen temperature. The mis- 
s sjon from the doubl -microdisk laser was collected by 
an objective lens dispersed by an optical grating spec- 
trometer (resolution of 1 nanometer) and detected using 
a lock-in technique and a liquld-hitrogen cooled gemia- 
nium detector. 

10 [0022] Rgure 3 shows the lasing spectra obtained 
from the double-microdisk laser (10 microns diameter) 
at and above the lasing threshold. The solid data line 
relates to pump power above threshold, whereas the 
dashed data line relates to pump power at tiie threshold. 

IS The threshold Is where the peak pump laser power is 
approximately 600 microWatts with a 1 microsecond 
pulse width and 1% duty cycle to reduce the heating. 
For comparison purposes, a double-microdisk laser 
without the opening 1 8 (I.e. having an unintenupted clr- 

20 cumferehce on the upper microdisk 1 2) was fabricated 
and tested for emission under the same conditions. The 
comparison double-mk^rodisk laser without the light out- 
put coupling opening 1 8 exhibited a lower lasing thresh- 
old (approximately 300 microWatts) as a result of the 

25 lower light loss from the upper waveguiding microdisk. 
This Is also the typcial threshold value for a single micro- 
disk laser with the same material composition and di- 
ameter as the bottom micordlsk 1 0. 
[0023] The lasing threshold of double-microdisk laser 

30 with a 3 micron disk diameter of the invention having the 
opening 18 in the upper micordlsk 12 was detennined 
to be approximately 25 microWatts, which is almost the 
. same as that of a single mterodisk laser with same di- 
ameter with an uninterrupted circumference. This result 

35 Is Indicative that the double-microdisk laser of the Inven- 
tion with opening 1 8 provides a high Q microcavity with- 
out deteriorating the lasing threshold. 
[0024] The directional lasing output from the opening 
18of the upper waveguiding microdisk 12 of the doubie- 

40 microdisk laser of the invention was imaged using an 
infrared camera having an imaging tube with a substrate 
spaced about 10 microns from the flat surfaces 18a, 
18b. The image of the lasing output of the opening 18 
Is shown In Figure 4 where it is can be seen that lasing 

^5 light is scattered from the microdisk 1 2 itself as well as 
from a strong edge-emitting spotfrom light escaping the 
opening 18 and striking the imaging substrate at about 
10 microns from the opening 18. The image was taken 
at a pumping power twice that of the threshold value. In 

so order to obtain the image, the pump laser had to be 
strongly attenuated with filters before the infrared cam- 
era. As a result of the focusing difference between the 
substrate 29 and the microdisk 12 itself, the Image was 
refocused to see the light output opening on the micro- 

55 disk and the top view of th doubt -microdisk was re- 
traced using th dashed line shown in Figure 4. Figure 
4 clearly shows that th op nlng 18 on the upper 
waveguiding microdisk 1 2 provides a leakag source of 
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the lasing photons and directs th lasing light out from 
the doubte-microdisk laser. Th bright dot on the Imag 
Is due to a burned spot on the infrared imaging tub . 
[0025] In lieu of the opening 1 8 shown in Figur 1 as 
a tight output coupling from the double-microdisk laser, 5 
a grating, surface or opening having a 45 degree or oth- 
er suitable angle can be fomied on the upper axial end 
of the waveguiding microdisk 12 to provide a vertical 
component of lasing light emission from the upper 
microdisk 1 2 of the laser. to 
[0026] Referring to Figures 5-7, an alternative exam- 
ple of a microcavity semiconductor laser is illustrated 
schematically as Including a first upper mterocylinder 
(micromember) 20 referred to as lasing cylinder In Fig- 
ures 5-6 and a second lower transparent waveguiding is 
microdisk (micromember) 22 referred to as guiding cyl- 
inder in Figures 5-6 disposed In a different (lower) plane 
or epitaxial level (during epitcbdal layer growth) from the 
microcylinder 20 and having low light absorption. The 
upper lasing microcylinder 20 Is spaced a distance from 20 
the lower waveguiding microcylinder 22 to provide opti- 
cal coupling therebetween by resonant photon tunnel- 
ling. The mk:rocyllnders 20,22 are spaced apart by a mi^ 
crocylinder 24 comprising InP to this end. the lower 
guiding microcylinder 22 is supported on the lower InP 25 
substrate 29 shown, the lower waveguiding microcylin- 
der 22 Includes a linear light output waveguide 28 Inte- 
gral therewith as a light output coupling from the laser. 
. [0027] The double microcylinder laser shown In Fig- 
ures 5-7 can be formed by molecular beam epitaxial 30 
growth of layers of the InGaAs/lnGaAsP system (oroth- 
er suitable material systems) described above for the 
double microdisk embodiment and then shaping the lay- 
ers to the double microcylinder configuration shown by 
the multistep photolithographic techniques and selec- 35 
tlve reactive Ion etching techniques In similar manner as 
described above for the double microdisk laser. For ex- 
ample, the MQW layer can be grown with x and y values 
selected to provide three lno.53Gao.47As quantum layers 
or wells each of approximate 1 00 Angstroms thickness 40 
sandwiched by lno.e4Gao.i6ASo.33Po.67 barrier layers of 
approximate 100 Angstroms thickness with end caps 
having the barrier composition/thickness as described 
above. A lower buffer layer is provided on the substrate 
and comprises InP of approximately 1000 Angstrom ^ 
thickness, while a top cap comprising InP of 1 micron 
thickness can be provided on the MQW layer. 
[0028] The lower microcylinder 22 of the double-mi- 
crocylinder laser comprises a basically passive material 
with low absorption for light guiding purposes. The pho- so 
tons generated in the upper MQW lasing microcylinder 
20 leak slowly out into the lower waveguiding microcyl- 
inder 22 via the resonant waveguide coupling microcyl- 
inder 28. As mentioned hereabove, the coupling effi- 
ciency between the lasing microcylinder 20 and the ss 
waveguiding microcylinder 22 can be controlled by se- 
lecting the distanc of separation therebetween . As the 
separation distance between th mterocylinders 20, 22 



increases, the coupling efficiency deer ases. The linear 
light output waveguid 28int gral with the low r micro- 
cylinder 22 Includes material layers In a sequence like 
that of the lower micromember 22 sine it is formed in- 
tegrally therewith and provides a light output coupling 
from the laser that is at a level on the substrate 29 com- 
patible with integrated optical circuits present on the 
substrate 29 so as to provide light output signals to the 
optical circuit. 

[0029] Double microcylinder lasers of the invention 
are advantageous in that they have much shorter cavity 
lengths than the usual conventional semiconductor la- 
sers. This enables the double microcylinder lasers of the 
invention to have a large frequency tunabliity without 
mode hopping via direct injection current control. The 
cavity length for usual conventional semiconductor la- 
sers is 0.3 mm with an actual optical path of about 1 mm. 
With such a long optical path, the usual conventional 
laser has approximately 50 cavity resonance modes un- 
der the gain curve of the active medium. Because of the 
large number of frequency modes, the frequency spac- 
ing between two adjacent modes is small. As a result of 
the small frequency spacing, the laser frequency turia^ 
bllity Is limited. In contrast, the double microcylinder la- 
sers of the Invention have short cavity lengths and con- 
tain much fewer cavity resonance modes (e.g. 1-5 
modes) under the gain curve. The fewer number of res-, 
onance modes allows a larger frequency tunabliity via 
direct current control without frequency hopping. 
[0030] Due to the low-loss high Q cavities, the micro- 
cavity lasers of the invention have high Intra-cavity In- 
tensities. The high intra-cavlty Ihtensitles will give rise 
to high stimulated emission rates, leading to fast carrier 
response time forthe carrier density underdirect current 
modulations. The fast canier response time combined 
with the small size of the micrbcavltles should lead to 
increased modulation bandwidths. 
[0031] Referring to Figure 8, an embodiment accord- 
ing to the Invention is Illustrated comprising a lower mi- 
cromember (microdisk or microcylinder) 50 and an up- 
per micromember (not shown) Identical to the lower mi- 
cromember50 and having features like those described 
hereabove. The lower micromember 50 can be a 
waveguiding micromember while the upper micromem- 
ber (not shown) can be a lasing micromember. Alter- 
nately, the lower micromember 50 can be a lasing mi- 
cromember while the upper micromember (not shown) 
can be a waveguiding micromember. The micromember 
50 may have different diameters and different shapes 
at some expense of lowering the opttoal coupling effi- 
ciency between the micromembers. The lower and up- 
per micromembers are spaced a distance apart in a 
manner described above to provide optical coupling 
therebetween by resonant photon tunnelling. The lower 
micromember 50 can be disposed on Si02 layers on a 
GaAs substrate as shown and described below. An ar- 
cuate light output waveguide 52 is disposed about the 
lower micromember 50. The waveguide 52 can be int - 
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gral with or spaced from the micromember 50 to provide 
a gap or distanc that provides optical output coupling 
by resonant photon tunnelling. Th waveguide 52 can 
have typical dinnensions of 0.2 to 2 micron width and 0.1 
to 1 micron height. A gap up to 1 .0 micron wid ( .g. 0.5 
micron wide) typically has been used to this end. The 
light output waveguide 52 includes an arcuate, circular 
portion 52a that is spaced from and encircles the cir- 
cumferential periphery (e.g.* about 180 degrees of the 
circumference) of the lower micfomember 50 and ex- 
tends in one or more linear, parallel legs 52b (two 
shown) that temiinate in flat ends 52c that provide light 
output at a level on the GaAs substrate conipatlble with 
integrated optical circuits present on the substrate so as 
to provide light output signals to the optical circuit. 
[0032] When the lower micromember 50 is a lasing 
micromember, the waveguide 52 can comprise the 
same material layer sequence as the lasing micromem- 
ber and would be optically pumped. Alternately, the 
waveguide 52 can comprise the above-described trans- 
parent InGaAsP waveguide material free of quantum 
wells without optical pumping. When the lower micro- 
member 50 Is a waveguiding micromember, the 
waveguide 52 will comprise the same transparent ma- . 
terial without quantum wells as the waveguiding micro- 
hfiember without optical pumping. 
[0033] Figure 9 Illustrates schematically another enrv- 
bodlment of the Invention similar to that of Figure 8 with 
the exception that a lower microannulus 50' is employed 
in lieu of the lower microdisk or microcylinder of Figure 
8. The lower microannulus 50' can be a waveguiding 
micromember while the identical upper microannulus 
(not shown) can be a lasing micromember. Altemately, 
the lower microannulus 50' can be a lasing micromem- 
ber while the upper microannulus (not shown) can be a 
waveguiding micromember. The microannulus can 
have an outer diameter similar to that described herea- 
bove for the microdisks and microcylinders with a typical 
ring or annulus width of 0.2 to 2 microns and height of 
0.2 to 1 micron. In Figure 9, like features of Figure 8 are 

. designated by like reference numerals primed. 
[0034] The lasers shown In Figures 8 and 9 having 

. the dimensions described can be formed by molecular 
beam epitaxial growth of layers of the InGaAs/lnGaAsP 
system (or other suitable material systems) as de- 
scnl^ed hereabove and then shaping the layers to the 
double microcylinder configuration shown by the multi- 
step photolithographic techniques and selective reac- 
tive ion etching techniques in similar manner as de- 

: scribed hereabove for the double microdisk laser. When 
dimensions of the microcylinder or microannulus 60' are 
further reduced to, for example, a 0.4 micron ring or an- 
nulus width and 0.2 micron height, a different fabrication 
process can be used involving nanofabricatlon tech- 
niques including electron-beam (e-beam) lithography 
and reactive ion etching (RIE). ForexampI , an InP sub- 
strate can b coated with an epitaxial InGaAsP/lnGaAs 
laser lay r structure of 0.1 9 micron thickness. Within th 



layer structure, three 100 Angstrom thick quantum w II 
layers (lno.53GaQ 47As) can be separated by 100 Ang- 
strom thick barrier layers {lno.84Gao/i6Aso.33Po.67)- 
They can be sandwk:hed by two 700 Angstrom thbk 

s (lno,84Gao .|5Asq^Po 67) layers on both sides. 

[0035] A wafer bonding and etching technique can be 
used to transfer the thin microannulus 50' on top of a 
low-index SIO2 cladding on a GaAs substrate. First, 800 
Angstrom thick Si02 is deposited on the wafer via plas- 

10 ma enhanced chemical vapor deposition (PECVD). 
Electron-beam lithography is used to write the microan- 
nulus pattern on PMMA (poly methyl methylmethacr- 
ylate) coated oh top of the SIO2 layer. The pattern then 
is transferred down to the Si02 layer by etching away 

15 the unmasked region using the RIE process with CHF3 
as the etchant gas under 31 millltorrs with 60 Watts plas- 
hia power and then the PMMA is removed. The pattern 
on SIO2 then forms the mask for subsequent etching of 
the InGaAsP layer. The RIE process is used to etch the 

20 microannulus down vertically through the 0.19 micron 
InGaAsP/lnGaAs epitaxial layer structure into the InP 
substrate. In this step, a gas mixture of methane, hydro- 
gen, and argon can be used In a ratio of 1 0:34:1 0 under 
a gas pressure of 45 millitonrs and a plasma beam power 

25 of 90 Watts plasma power. 

[0036] in order to place the thin microannulus struc- 
ture on a low-refractive-index material, the substrate Is 
removed as follows. The RIE etched sample Is deposit- 
ed with 0.75 micron thick Si02 using PECVD. A piece 

30 of GaAs substrate covered with 0.75 micron thick Si02 
deposited via PECVD Is then prepared. The two sub- 
strates are Si02 face-to-face bonded together using 
acrylic. Finally, a highly selective HCI etchant (IHCI plus 
H3PO4 in 1:1 ratio) was used to remove the InP sub- 

35 strate, leaving the microannulus laser structure on 1 .5 
micron thick Si02 on the GaAs substrate. 
[0037] In the practice of the present invention, the es- 
timated number of cavity modes with frequencies in the 
photoluminescence spectrnm are less than two (single 

40 mode) if the diameter of the micromember is less than 
5 microns and the spectral gain width of the quantum 
well is of the typical value of 60 nanometers. MIcrocavity 
outer diameters in the range of 2 microns to 5 microns 
are preferred to this end. However, the invention Is not 

^ so limited and can be practiced using a lasing microcav- 
Ity comprising one or more active quantum well (MQW) 
layers having a general circular cross-sectional periph- 
ery with a diameter up to 30 microns for example, such 
as from 10 to 30 microns, to provide an active optical 

50 medium that supports waveguiding optical modes, 
which include, but are not limited to, the whispering gal- 
lery mode. The invention also is not limited to the par- 
ticular mk^romembers described and shown In the draw- 
ings and can be practised using microdisk, microcylin- 

55 der, microannulus (microring) and other shape micro- 
members so dimensioned as to provide an activ optical 
medium that supports waveguiding optical modes. 
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Claims 

1 . Laser comprising a first micromember having a las- 
. ing microcavity with a substantially circular cross- 
sectional periphety and a second wavegulding mi- s 
cromember (50; 50') spaced from the first micro- 
member in a different plane and optically coupled 

to the first micromember, the second wavegulding 
micromember (50; 50') including a light output cou- 
pling (52; 52*) comprising an arcuate output io 
waveguide encircling a portion of the second 
wavegulding micromember (50; 50') for providing 
. light output from the laser. 

2. The laser of Claim 1 , wherein the first micromember f 5 
comprises a microdisk. 

3. the laser of Claim 1 or 2. wherein the second: 
wavegulding micromember (50; 50') comprises a 
microdisk. 20 

4. The laser of Claim 1 wherein the first micromember 
comprises a microcylinder. 

5. The laser of Claim 1 or 4, wherein the second 25 
waveguiding microrriember (50; 50') comprises a 
microcylinder. 

6. The laser of Claim 1 , wherein the first micromember 
comprises a microannulus. 30 

7. The laser of Claim 1 or 6, wherein the second 
waveguiding micromember (50; 50') comprises a 
hriicroannulus. 

35 

The laser of any one of the preceding claims, 
wherein the mteromembers (50; 50*) are spaced a 
distance apart with a material of lower refractive In- 
dex therebetween to provide optical coupling be^ 
tween micrpmembers (50; 50'). 40 

9. The laser of any one of the preceding claims, 
wherein the arcuate output waveguide (52; 52') 
comprises a circular portion (52a; 52a') encircling 
the portion of the second mk^romember (50; 50') 45 
and at least one linear portion (52b; 52b') temnlnat- 

Ing In an end (52c; 52c'). 

10. The laser of any one of the preceding claims, 
wherein the first micromember and second so 
waveguiding micromember are spaced apart by a 
distance selected to provide a given coupling efTi- 
clency therebetween. 

11. Th laser of any one of the preceding claims, ss 
wh rein the first micromember comprises InGaAs 
semiconductor. 



12. The las r of Claim 11, wh rein the second 
wavegulding micromember comprises InGaAsP 
semiconductor. 

13. The laser of Claim 11 or 12, wherein the optical cou- 
pling comprises In P. 

14- The laser according to any one of the preceding 
claims, further comprising a substrate in which the 
first mrcromember is spaced above the substrate, 
and the second micromember is spaced above the 
first micromember. 

15. The laser according to any one of Claims 1 to 13, 
further comprising a substrate, in which the first mi- 
cromember is spaced above the substrate, and the 
second micromember is between the first micro- 
member and the substrate. 

16. The laser of Claim 1 5, wherein the light output cou- 
pling comprises a waveguide at a level on the sub- 
strate compatible with an integrated optical circuit 
present on the substrate so as to provide light out- 
put signals to the optical circuit. 



PatentansprQche 

1 . Laser, der ein erstes Mikroglied mrt einem Lasennl- 
krohohlraum mit einer Peripherie mit einem im we- 
sentitehen runden Querschnitt aufweist und ein 
zweites wellenleitendes Mikroglied (50; 50'), das 
von von dem ersten Mikroglied in einer anderen op- 
tischen Ebene beabstandet ist, und das an das er- 
ste Mikroglied optlsch gekuppelt ist, wobei das 
zweite wellenleitende Mikroglied (50; 50') eine 
LIchtausgabekupplung (52; 52') einschlieBt, die ei- 
nen gekrummten Ausgabewellenleiter aufweist, der 
ein Tell des zwelten wellenleitenden Mlkroglieds 
(50; 50') umkreist, um Lichtausgabe von dem Laser 
zu lleferh. 

2. Laser nach Anspruch 1, in dem das erste Mikroglied 
eIne Mikroscheibe aufweist 

3. Laser nach Anspruch 1 Oder 2, In dem das zweite 
wellenleitende Mikroglied (50; 50') eine Mikroschei- 
be aufweist. 

4. Laser nach Anspruch 1 , In dem das erste Mikroglied 
einen Mikrozylinder aufweist. 

5. Laser nach Anspruch 1 oder 4, In dem das zweite 
wellenleitende Mikroglied (50; 50') einen Mikro- 
zylinder aufw ist. 

6. Las r nach Anspruch 1, in dem das erste Mikroglied 
einen Mikroring aufweist. 



7 



13 



EP 0 829 119 B1 



14 



7. Laser nach Anspruch 1 oder 6, In dem das zw ite 
w llenleitend Mikrogiied (50; 50') ein n Mikroring 
aufweist 

8. Laser nach einem der vortiergehendeh Anspruche, 

in dem die Mikroglieder (50; 50') mit einem Abstand 
voneinander beabstandet sind, mit einem Material 
rtiit geringerem Brechungsindex dazwischen, urn 
optische Kupplung zwischen MIkroglledern (50; 50' 
zu liefem. 

9. Laser nach einem der vorhergehendenAnspruche, 
in dem der gekrummte.Ausgabenwelienlelter (52; 
52') ein rundes tell (52a; 52a') aufweist, das das 
Teil des zweiten Mikroglleds (50; 50') umkreist. und 
wenlgstens ein iineares Teil (52b; 52b'), das In ei- 
nem Ende (52c; 52c') endet. 

10. Laser nach einem der vorhergehendeh Anspruche,. 
. in dem das erste Mikrogiied und das zweite wellen- 

leitende Giled mit einem Abstand voneinander be- 
abstandet sind, der ausgewahlt ist, urn eine gege- 
benen Kupplungswirkungsgrad dazwischen zu lie- 
fem. 

11. Laser nach einem der vorhergehenden Anspruche, 
In dem das erste Mikrogiied einen InGaAs-Halblel- 
ter aufweist. 

12. Laser nach Anspruch 11 , In dem das zweite wellen- 
ieitende Mikrogiied einen InGaAsP-Haibleiter auf- 
weist. 

13. Laser nach Anspruch 11 oder 12, In dem die opti- 
sche Kupplung tnP aufweist. 

14. Laser nach einem der vorhergehenden Anspriiche, 
der welterhin ein Substrat aufweist, In dem das er- 
ste Mikrogiied uber dem Substrat beabstandet ist, 
und das zweite Mikrogiied dber dem ersten Mi- 
krogiied beabstandet Ist ^ 

15. Laser nach einem der Anspruche 1 bis 13, der wel- 
terhin ein Substrat aufweist, in dem das erste Mi- 
krogiied Ober dem Substrat beabstandet ist, und 
das zweite Mikrogiied zwischen dem ersten Mi- 
krogiied und dem Substrat ist. 

'16. Laser nach Anspruch 15, in dem die Llchtausgabe- 
kupplung einen Wellenleiter auf einer Hohe auf dem 
Substrat aufweist, der mit einem ihtegrlerten optl- 
schen Kreis vertragllch ist, der auf dem Substrat 
vorhanden ist, um dem optischen Kreis Lichtausga- 
beslgnalezii liefem. 



R V ndicati ns 

1 . Laser comprenant un premier mfcromembre ayant 
une micrpcavit^ k effet laser avec une p^riph^rie k 

s section en coupe sensiblement circulaire t un 
deuxifeme micromembre guide d'ondes (50; 50') es- 
pac6 du premier micromembre dans un plan diffe- 
rent et optlquement coupl6 au premier micromem- 
bre, le deuxidme micromembre guide d'ondes (50; 

10 50*) comprenant un couplage de lumi^re 6mise (52; 
52') comprenant un guide d'ondes d'6mission en 
fomne d'arc encerclant une partle du deuxi^me mi- 
cromembre guide d'ondes (50; 50') pour fournir la 
lumi&re 6mlse par le laser. 

15 

2. Laser salon la revendication 1 , dans lequel le pre- 
mier micromembre comprend un microdisque. 

, 3. Laser selon la revendteation 1 ou 2, dans lequei le 
20 deuxl^me micromembre guide d'ondes (50; 50') 
. comprend un microdisque. 

4. Laser selon la revendteatlon 1 dans lequel le pre- 
mier micromembre comprend un microcyllndre. 

25 

5. Laser selon la revendication 1 ou 4, dans leque! le 
deuxl^me micromembre guide d'ondes (50; 50') 
comprend un mterocyllndre. 

30 6. Laser selon la revendication 1 , dans lequel le pre- 
mier micromembre comprend un microanneau. 

7. Laser selon la revendication 1 pu 6, dans lequel le 
deuxi^me micromembre guide d'ondes (50; 50') 

35 comprend un microanneau. 

8. Laser selon Tune quelcohque des revendlcations 
pr^c^dentes, dans lequei les micromembres (50; 
50') sent espac^s d'une certaine distance avec un 

40 mat^riau dindlce de refraction inf^rieur dans I'inter- 
valle pourfoumir un couplage optique entre les mi- 
crohiembres (50; 50'). 

9. Laser selon I'une quelconque des revendlcations 
45 pr^c^dentes, dans lequel le guide d'ondes d'^mls- 

slon en fomie d'arc (52; 52') comprend une partle 
circulaire (52a; 52a') encerclant la partie du deuxife- 
me micromembre (50; 50') et au molns une partle 
lineaire (52b; 52b') se temnlnant en une extremity 
50 (62c; 52c'). 

10. Laser selon I'une quelconque des revendlcations 
pr^c^dentes, dans lequel le premier micromembre 
et le deuxldme micromembre guide d'ondes sont 

55 espac§s d'un distance choisie pour foumir dans 
rintervalle une fftcacit'd couplage donne . 

11. Laser selon I'une quelconque des revendlcations 
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pr^c^dentes, dans iequel ie pr mier microm mbr 
comprend un semi^onducteur InGaAs. 

12. Laser selon ia rev ndication 11, dans lequel le 
deuxi^me micromembr guid d'ondes compr nd s 
un semi-cpnducteur InGaAsP. 

13. Laser selon la revendication 11 ou 12, dans lequel 
le couplage optique comprend InP. 

10 

14. Laser selon Tune quelconque des revendications 
pr6c6dentes, comprenant en outre un substrat 
dans lequel le premier mlcromembre est espac6 au 
dessus du substrat, et le deuxidnne mlcromembre 

est espacS au dessus du premier mlcromembre. is 

15. Laser selon Tune quelconque des revendications 1 
k 1 3, comprenant en outre un substrat dans lequel 
le premier mlcromembre est espac6 au dessus du 

. substrat, etledeuxi^me mlcromembre sesltueen^ 20 
tre le premier mlaomembre et le substrat. 

16. Laser selon la revendication 15, dans lequel le cou- 
plage de luml^re 6mlse comprend un guide d'ondes 

k un niveau sur le substrat compatible avec un cir- 25 
cult optique int^gr^ present sur le substrat de fagon 
k foumir des signaux de lumi^re 6mise au circuit 
optique. 
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